The Penn West enhanced oil recovery pilot project is located in the Pembina Oil Field in west-central Alberta, Canada, with CO 2 injection into the 20 m thick Cretaceous Cardium Formation at a depth of 1650 m below surface. Time-lapse processing of the surface seismic monitoring data collected between March 2005 and March 2007 yielded no significant changes in P-wave seismic amplitudes or traveltimes between monitor and baseline surveys after ~40,000 t of CO 2 had been injected. A small amplitude change in the Cardium Formation and deeper events were detected by a fixed geophone array in an observation well. We conclude that partial or full saturation of the reservoir pore space was restricted to the most permeable sandstone members of the Cardium Formation. The seismic data indicates that no leakage of CO 2 has occurred into shallow aquifers.
Introduction
At the Penn West Pembina enhanced oil recovery (EOR) pilot project, located in the Pembina Oil Field in westcentral Alberta, Canada, CO 2 has been injected into the Upper Cretaceous Cardium Formation since March 2005. The Cardium Formation is 1650 m below surface and is made up of sandstone sheets and a thin conglomerate layer sandwiched between thick black marine shales of the Blackstone Formation (below) and the Wapiabi Formation (above). Maximum thickness of the Cardium Formation at the site is 24 m. The surface seismic monitoring program implemented consisted of two parallel, multicomponent 2D lines, 400 m apart and oriented east-west, and one orthogonal multicomponent 2D north-south line, intersecting near the CO 2 injector well ( Figure 1 ). These three lines were each 3 km long with a receiver interval of 20 m, a source interval of 40 m, and a 2 kg dynamite source at a depth of 15 m. During data acquisition, all lines were live. In addition, 8 triaxial geophones were cemented at 20 m intervals into an observation well at depths between 1497 and 1640m, and all shots of the surface seismic program were recorded into the borehole array. The surface seismic program provided low-fold 3D subsurface coverage of the pilot site and the borehole seismic data provided high-resolution images of the target reservoir locally around the observation well. Objectives of the seismic monitoring program were to track the CO 2 plume in the reservoir and to detect any CO 2 leakage into overlying, shallow aquifers. The deepest geophone was located within the reservoir and the geophone array was used for passive monitoring of CO 2 injection between the activesource seismic surveys. Seismic monitoring has been successful in tracking CO 2 in other storage and EOR projects [e.g. 4]. Baseline survey data (Phase I) were collected in March 2005, prior to CO 2 injection. The first monitor survey (Phase II) was undertaken in December, 2005 after ~15,000 t of CO 2 had been injected, and the second monitor survey (Phase III) was completed in March, 2007, after ~45,000 t had been injected. An additional 3 km southwestnortheast line was added for Phase III (Line 6) and a vertical seismic profile was also recorded in the western injector well ( Figure 1 ). The reservoir pressure and temperature are 19 MPa and 50 o C respectively. Results after Phase II of the project showed subtle amplitude anomalies in the processed vertical seismic profile (VSP) data from the observation well [1, 2, 3] . This paper reports on the results from the Phase III program. Important to the monitoring program was that between Phase I and III surveys, additional infrastructure development occurred at the site and nearly 20% of the baseline shots could not be repeated in the second monitor survey.
Surface seismic data analysis
The surface seismic data were processed using a standard flow through to post-stack time migration. Identical flows were used for the baseline and monitor surveys after all non-repeated shots were first stripped from the datasets. The 2D lines shown in Figure 1 were initially processed independently and this was followed by an sparse 3D processing flow since all lines were live for all shots (shown by the rectangular outline in Figure 1 ). Figure 2 shows the 2D results for Line 1 for PP data. Data quality is good and high-amplitude reflections are obtained from a shallow coal horizon (Ardley Fm) and a deeper sandstone horizon (Viking Fm). The Cardium Fm is a lowimpedance reservoir and the seismic response of the event is low amplitude, even on the monitor survey ( Figure 2b ). The quality of the PS data was lower than for the PP data and the residual amplitudes after differencing the Phase I and III data are relatively large, particularly for the Ardley event. There is also small residual amplitude anomaly at the Cardium level near the centre of the line but this cannot be interpreted with any confidence. Time-lapse analysis also included picking amplitudes and traveltimes of the Ardley, Cardium and Viking events from the 3D volumes. Figure 4 shows the isochron differences for the PP and PS 3D data between the Phase III and Phase I surveys. (b) PS data. Maximum isochron difference (red colour) is 1 ms for the PP data and 3 ms for the PS data.
The isochron differences for the PP data between Phases I and III are less than 1 ms, and no consistent pattern is seen in Figure 4a . In comparison, the PS data show a more consistent trend of isochron differences in a trend northeast of the injector well (shown by the yellow colour in Figure 4b ) with a maximum time difference of 3 ms. This indicates a small increase in interval Vs from Phase I to Phase III, which could be due in part to a small decrease in density or increasing pressure during injection.
Vertical seismic profile (VSP) data
All shots of the surface seismic program were recorded into the downhole geophone array and each line was processed as a separate walkaway dataset following a flow developed for Phase II analysis [3] . However, only 5 of the 8 receiver depths had full fidelity data on all three axes, so time-lapse VSP data was processed using only the vertical component, enabling 7 geophones to be utilized. The main pre-processing steps included application of shot statics, 60 Hz notch filter, and an 8-100 Hz bandpass filter. Wavefield separation of upgoing and downgoing arrivals was achieved using a median filter, followed by wave-shaping deconvolution design of the direct downgoing wave. The separated upgoing P-and S-wavefields from each survey were migrated with the anisotropic velocity model and a 1D VTI Kirchhoff migration algorithm. The velocity model was the same as that used after Phase II [1] . Figure 5 illustrates the time-lapse results for the PP VSP data for Lines 1 and 3 and Figure 6 shows the difference plots after cross-equalization to minimize differences in the data unrelated to injection. The bandwidth of the VSP data is higher than the surface seismic data and reflections from the Cardium Fm are visible in the migrated images ( Figure 5 ). However, because of the depth and the limited vertical aperture of the geophone array in the observation well, imaging of the Cardium Fm around the observation well is restricted to about 100 m, but this increases for deeper reflectors. The differenced images ( Figure 6) show amplitude anomalies north and east of the observation well, for the Cardium and deeper events. These differences are interpreted to be subtle traveltime and reflectivity differences in the Cardium reservoir due to the injection of CO 2 . The approximate southern and western limits of the amplitude anomaly in map view is shown in Figure 7 . 
Rock Physics and modelling
CO 2 injection causes changes in fluid saturation and pressure in the reservoir [e.g. 4]. Modelling was undertaken for the Cardium Formation sandstones, assuming a relatively low porosity (~10%) and a cemented matrix. Increasing fluid compressibility by injecting CO 2 decreases the P-wave velocity in the reservoir by about 4% and density by ~1%, based on modified Gassman modelling and substituting a brine-light oil mix with supercritical CO 2 with up to 80% saturation. Zero-offset synthetic seismograms were generated to investigate changes in the P-wave seismic response for different CO 2 saturation and plume thicknesses (Figure 8) . The results show subtle reflectivity changes at the Cardium Fm and a traveltime delay at the later high-amplitude Viking event. 
Discussion
Time-lapse processing of the surface seismic data yielded no significant change in P-wave seismic amplitudes or traveltimes between the monitor and baseline surveys that could be attributed to the presence of CO 2 in the reservoir. The changes in amplitude and travel time are small due to the thin, low porosity and well-cemented reservoir sandstones. VSP data, with broader frequency bandwidth and higher S/N ratio may help to improve monitoring confidence as small time-lapse amplitude changes were detected, with a spatial pattern similar to subtle changes in PS traveltimes between events above and below the Cardium that were observed in the surface seismic PS data. The lack of 4D changes above and below the reservoir suggests that the CO 2 is confined to the reservoir zone.
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